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ProteaseAs essential organelles, mitochondria are intimately integrated into the metabolism of a eukaryotic cell. The
maintenance of the functional integrity of the mitochondrial proteome, also termed protein homeostasis, is
facing many challenges both under normal and pathological conditions. First, since mitochondria are derived
from bacterial ancestor cells, the proteins in this endosymbiotic organelle have a mixed origin. Only a few pro-
teins are encoded on themitochondrial genome, most genes for mitochondrial proteins reside in the nuclear ge-
nome of the host cell. This distribution requires a complex biogenesis of mitochondrial proteins, which are
mostly synthesized in the cytosol and need to be imported into the organelle. Mitochondrial protein biogenesis
usually therefore comprises complex folding and assembly processes to reach an enzymatically active state. In
addition, speciﬁc protein quality control (PQC) processes avoid an accumulation of damaged or surplus polypep-
tides. Mitochondrial protein homeostasis is based on endogenous enzymatic components comprising a diverse
set of chaperones andproteases that forman interconnected functional network. This reviewdescribes the different
types ofmitochondrial proteinswith chaperone functions and covers the current knowledge of their roles in protein
biogenesis, folding, proteolytic removal and prevention of aggregation, the principal reactions of protein homeosta-
sis. This article is part of a Special Issue entitled: Protein Import and Quality Control in Mitochondria and Plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
A characteristic feature of eukaryotic cells is the existence of differ-
ent cellular subcompartments. Mitochondria provide unique and
crucial biochemical reactivities for the cellular metabolism, the most
prominent is their ability to synthesize the majority of cellular ATP by
the process of oxidative phosphorylation. Apart from this important
role in cellular energy metabolism, mitochondria are also involved not
only inmany biosynthetic reactions like amino acid or heme biosynthe-
sis, but also in many more specialized reactions. In addition, mitochon-
dria have been implicated in speciﬁc signaling pathways that amount to
life or death decisions, e.g. apoptosis [1]. Taken together, mitochondrial
protein functions are closely integrated into the cellular metabolism
and essential for the survival of the cell. It is becoming more and more
clear in the recent years that restrictions in mitochondrial functions
are important factors in many human pathologies like neurodegenera-
tive diseases, notwithstanding aging processes per se [2].
One of the most important features concerning an understanding of
mitochondrial biology is their endosymbiotic ancestry. Mitochondria
have been acquired by a symbiosis between the ancestors of eukaryotic
cells and prokaryotic organisms very early during evolution. They still
have to be regarded as separate functional entities inside the host cell,Import and Quality Control in
l rights reserved.at least principally able to perform most biochemical reactions on
their own that are required to deﬁne life. Of course, due to the transfer
of genetic information from the organellar genome to the nucleus in the
course of cellular evolution, mitochondria cannot propagate outside the
cellular environment. Although mitochondria for example in humans
retain only 13 protein coding genes [3], the total number of different
polypeptides and enzymes required to fulﬁll the multitude of biochem-
ical reactions insidemitochondria amounts to at least several hundreds.
Recent proteome surveys indicate the total number of different mito-
chondrial polypeptides reaching over 1000 [4]. As all nuclear encoded
genes, the proteins destined for mitochondria are synthesized at cyto-
solic ribosomes. In a distinct post-translational process, they have to
be transported to their ﬁnal destination in the organelle. Hence, mito-
chondria have evolved to an intricate enzymatic machinery to import
the precursor proteins from the cytosol [5]. This process alone repre-
sents many biochemical challenges, many of them connected more or
less directly to the folding state of the precursor protein during the
transport reaction. The correct recognition ofmitochondrial preproteins
involves the accessibility of diverse N-terminal or internal translocation
signal sequences by mitochondrial surface receptors, a reaction that in
most cases precludes an acquisition of a stable and active conformation.
In particular, due to the small dimensions of the translocation channels,
the polypeptide chains traverse the double biomembranes ofmitochon-
dria in an unfolded state, at most allowing the formation of α-helical
structural elements. After successful intra-organellar sorting and pro-
cessing events, the imported polypeptides commence their ﬁnal folding
and assembly sequence that will result in the active enzymes or protein
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only one aspect of the overall protein metabolism of an organelle. The
organellar polypeptides have also to be maintained in a functional and
active state in the presence of diverse environmental and pathological
challenges, a process that is termed protein quality control (PQC). In
addition, at the end of their life cycle, surplus or terminally damaged
proteins have to be removed by proteolytic reactions. All these inter-
connected biochemical processes contribute to organellar protein
homeostasis (see Fig. 1), which comprises a network-like system of
multiple enzymatic components that all have to function in a coordinat-
ed fashion [6,7].
In the context of protein structure and function, “damage” usually
means loss of function combinedwith the acquisition of a conformation-
al state different from the native state. Misfolding in the cellular context
usually can be caused by non-physiologic temperatures (“heat stress”)
or by chemical modiﬁcations, for example by reactive oxygen species
(ROS). Misfolded proteins are prone to irregular associations governed
by hydrophobic interactions leading to the formation of insolubleFig. 1. Schematic depiction of themitochondrial protease–chaperone network. Folding states o
are shown in boxes. The normal protein biogenesis pathways are shownwith green arrows, wh
chaperones (shown in yellow/orange colors) and PQC proteases (shown in blue colors) on the
erone and protease enzymes are indicated (proteins not drawn to scale). Protein names are base
that are not present in yeast are written in italics (Trap1, HtrA2 and mtClpXP). Indicated in gra
cooperate with the mtHsp70-import motor. A direct role of mtClpXP inmitochondrial PQC is li
obtained for the proteins Trap1 and HtrA2.aggregates. By deﬁnition, PQC comprises all reactions that deal with
misfolded polypeptides either by stabilization, refolding or complete
removal. The main objective of PQC is the prevention of general cellular
damage by the accumulation of non-functional misfolded polypeptides,
in particular the formation of toxic protein aggregates. PQCmechanisms
essentially comprise three types of processes: i) the recognition of
inactive or misfolded polypeptides and their refolding to the native
state, ii) their complete removal by proteolytic reactions in case of a fail-
ure to acquire the active state, or iii) the resolubilization of aggregated
polypeptides for either reactivation or proteolysis. Derived from these
reactivities, a functional PQC system has to fulﬁll several functional pre-
requisites. Damaged polypeptides have to be distinguished from func-
tional and active enzymes. The damaged proteins have to be stabilized
to keep them in a soluble state, a prerequisite for subsequent refolding
or for removal by the proteolytic machinery. The decision between
refolding and proteolytic removal ultimately has signiﬁcant conse-
quences for the cellular metabolism due to the energetic cost of protein
synthesis. Off note, it should be remarked that the speciﬁc removal off proteins after import through the outer (OM) and inner (IM)mitochondrial membranes
ile red arrows symbolize pathological reactions. Black arrows indicate functional effects of
folding/degradation pathways. The putative subunit compositions of the respective chap-
d on the nomenclature in the standardmodel organism Saccharomyces cerevisiae. Proteins
y are the components of the inner membrane preprotein translocase complex TIM23 that
kely but remains to be formally demonstrated. No speciﬁc functional assignment has been
390 W. Voos / Biochimica et Biophysica Acta 1833 (2013) 388–399polypeptides may be an important side aspect of PQC reactions since it
allows the introduction of an additional regulatory level for protein
activity.
In general, themajor enzymaticmediators of protein homeostasis are
chaperone proteins and ATP-dependent proteases [8]. The major mito-
chondrial chaperones and proteases identiﬁed in yeast and humans are
listed in Table 1, together with the respective family members found in
bacteria. Alterations or defects in protein homeostasis, in the form of ac-
cumulated damaged and non-functional polypeptides are increasingly
recognized as important determinants of disease [9]. Typically, the
main property of chaperone proteins is their ability to recognize unfold-
ed polypeptides, contributing to their stabilization and solubility. This
property is based on a direct and relatively speciﬁc physical interaction
between the chaperone and the substrate polypeptide that is caused by
a distinct binding afﬁnity of chaperones to unfolded and/or exposed hy-
drophobic amino acid segments. The most important chaperones in-
volved in mitochondrial protein homeostasis belong to the heat shock
protein families Hsp60 andHsp70,which aremainly involved in protein
translocation and folding reactions (see Sections 2 and 3). Due to their
functional properties these two types of chaperones contribute also
prominently to PQC reactions by stabilizing and refolding of misfolded
substrate proteins. Chaperones from the Hsp100/ClpB-type have been
shown to have protective functions during aggregation reactions,
based on their ability to resolubilize aggregated polypeptides (see
Section 4). Degradation of damaged polypeptides is performed by aTable 1
Mitochondrial chaperones, co-chaperones and proteases involved in PQC reactions of
major model organisms (ﬁrst column: protein names and most common alias names
(in brackets); second column: UniProtKB entry numbers).
Class Escherichia coli Saccharomyces
cerevisiae
Homo sapiens
60 kDa GroEL
(Cpn60)
P0A6F5 Hsp60
(Mif4)
P19882 HSPD1
(Hsp60)
P10809
GroES
(Cpn10)
P0A6F9 Hsp10 P38910 HSPE1
(Hsp10)
P61604
70 kDa DnaK P0A6Y8 Ssc1 P12398 HSPA9
(Mortalin,
Grp75)
P38646
HscA
(Hsc66)
P0A6Z1 Ssq1 Q05931 /
/ Ssc3
(Ecm10)
P39987 /
DnaJ P08622 Mdj1 P35191 DNAJA3
(Tid-1)
Q96EY1
/ Pam18
(Tim14)
Q07914 DNAJC19
(TIMM14)
Q96DA6
/ Mdj2 P42834 /
HscB P0A6L9 Jac1 P53193 DNAJC20
(HSCB,
HSC20)
Q8IWL3
GrpE P09372 Mge1 P38523 GRPEL2 Q8TAA5
90 kDa HptG P0A6Z3 / (Trap1,
Hsp75)
Q12931
100 kDa ClpB P63284 Hsp78 P33416 /
ClpX P0A6H1 Mcx1 P38323 CLPX O76031
Proteases ClpP P0A6G7 / CLPP Q16740
Lon P0A9M0 Pim1
(LON)
P36775 Lon P36776
DegP P0C0V0 / HtrA2
(OMI)
O43464
FtsH P0AAI3 Afg3
(Yta10)
P39925 AFG3L2a Q9Y4W6
/ Yta12
(Rca1)
P40341 SPG7a
(paraplegin)
Q9UQ90
/ Yme1 P32795 YME1L1
(FTSH1)
Q96TA2
a Both AFG3L2 and SPG7 show the highest sequence similarity to Afg3 in yeast. A
protein complex of AFG3L2 and SPG7 is able to functionally replace the yeast m-AAA
protease formed by Afg3/Rca1.certain class of ATP-dependent proteolytic enzymes, often also termed
chambered proteases based on their characteristic structural composi-
tion (see Section 5). As membrane-enclosed endosymbiotic organelles,
mitochondria do not participate in the general protein quality control
system of the cell, represented by the ubiquitin/proteasome system
[10] but have retained their own machineries, closely related to their
bacterial ancestors [6]. Most of the ATP-dependent proteases also
exhibit intrinsic chaperone properties or are functionally and even
structurally linked to other chaperone enzymes. Again, the chaperone
activities of the protease complexes are crucial for substrate recognition
based on the afﬁnity to unfolded and/or hydrophobic protein segments.
In particular chaperones from the Hsp100/Clp family are forming
hetero-oligomeric protein complexes with a protease subunit that is
responsible for degradation reactions both in organelles and bacteria.
Other protease types, for example the soluble proteases from the Lon
family and membrane-integrated AAA proteases belonging to the FtsH
family combine chaperone and protease activities on the same polypep-
tide chains. Many PQC chaperones as well as ATP-dependent proteases
belong to thewidespreadAAA+protein family (ATPase associatedwith
a wide variety of cellular activities) that generally mediate protein
remodeling reactions. Typically, besides their ability to hydrolyze ATP,
they share a certain domain structure and the ability to form oligomeric,
ring-shaped protein complexes [11]. A relatively recently identiﬁed
additions to the mitochondrial set of proteins with chaperone activities
are the HtrA2 protein and the Hsp90 family member Trap1, both occur
only in themitochondria ofmammalian cells (see Section 6). Interesting-
ly, HtrA2 exhibits alternative chaperone and protease activities
depending on the environmental conditions. This review summarizes
the functions of the main chaperones and proteases of mitochondria
with a focus on their coordinative functional roles in the context of pro-
tein homeostasis. For the sake of a better overview, the focus of the text is
put on the situation in mitochondria of the standard model organism
Saccharomyces cerevisiae, with references to the situation in other species
where appropriate.
2. Protein import and folding
Inmitochondria, the two chaperones Hsp70 andHsp60 are themain
mediators of protein homeostasis, responsible for the import and fold-
ing of proteins destined for the matrix compartment and involved in
many PQC reactions. Most work on the mitochondrial folding network
has been done using yeast as a model organism [12], but information
is also available on the mammalian system [13].
2.1. Hsp70 chaperones
Chaperones of the Hsp70 family are typically characterized by their
ubiquitous occurrence in all types of organisms and their high structural
conservation. Another remarkable feature is their involvement in a large
diversity of biological processes. Eukaryotic cells contain 10–15 different
types of Hsp70s that are localized in all major subcompartments, the
cytosol, the nucleus, ER, mitochondria and also chloroplasts [14].
Hsp70s are typically composed of three domains, a N-terminal nucleo-
tide binding domain, followed by a domain that provides a surface
groove for interaction with substrate polypeptides. The more variable
C-terminal domain provides a lid structure, covering the substrate-
binding site. A major feature of Hsp70 chaperones is their nucleotide-
regulated peptide binding afﬁnity, which is high in the ADP-bound
state and low in the ATP-state. Based on their intrinsic ATPase activity,
Hsp70 chaperones undergo a speciﬁc reaction cycle,where polypeptides
are bound in the ATP-state, subsequent ATP hydrolysis stabilizes this
substrate interaction and the exchange of the boundADP against ATP in-
duces the release of the bound substrate in the ﬁnal stage. Hsp70s are
tightly regulated enzymes that usually work together with two types
of conserved co-chaperones. Both are classiﬁed by the foundingmember
of their family in bacteria, i) the DnaJ-like or J-domain proteins,
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bacterial DnaJ protein, that assist substrate binding and stimulate ATP
hydrolysis [15,16], and ii) a nucleotide exchange factor (in endosymbi-
otic organelles named after the bacterial protein GrpE) that allows a
faster, respectively a more controlled progress through the chaperone
reaction cycle [17]. In yeast, this typical Hsp70 cofactor is called Mge1
(mitochondrial GrpE homolog). The wide variety of cellular functions
that involve Hsp70 chaperones is based on their binding afﬁnity to
small, unstructured protein segments containing predominantly hydro-
phobic amino acid residues. Hence, Hsp70s participate in virtually all
processes in a cell that involves partial or complete unfolding of poly-
peptides. Under normal growth conditions, the primary role of Hsp70s
in the cell is their assistance in protein biosynthesis at the ribosome
and in intracellular protein transport processes that involve the crossing
of polypeptides through membranes [12,18]. In many cases, the type of
J-domain partner protein determines the functional speciﬁcity of the
respective Hsp70 chaperone [16].
The main mitochondrial Hsp70 (mtHsp70), in yeast encoded by
the gene SSC1, has been identiﬁed as an essential protein whose pres-
ence is required for cellular survival under all growth conditions [19].
This property is generally attributed to requirement of mtHsp70/Ssc1
for the transport of mitochondrial preproteins from the cytosol into
the matrix compartment [20]. During this process, it functions as a
translocationmotor that drives the vectorial transport of the preprotein
amino acid chain through the translocase complexes in the mitochon-
drial membranes [21,22]. In general, the import of cytosolic preproteins
into the matrix can be separated into two functional aspects, both
requiring the activity of mtHsp70/Ssc1 [23,24]: i) the translocation of
the polypeptide chain through the translocase complexes of the outer
and inner membranes and ii) the complete unfolding of the preprotein
due to the small pore diameter of the translocase complexes. Both
processes require energy input, which is provided by two sources:
i) the electric potential across the inner mitochondrial matrix (Δψ)
and ii) ATP hydrolysis in thematrix compartment.While themembrane
potential is required for the insertion of the preprotein into the trans-
locase complexes, ATP hydrolysis drives both the unfolding and the
translocation of the bulk preprotein polypeptide chain through the
membrane channels. The only ATPase involved in the import process
is mtHsp70, conﬁrming its crucial role for the import of matrix proteins.
In the context of the import reaction, the activity of mtHsp70 is closely
coordinated with that of diverse partner proteins. It is tethered to the
inner membrane in the immediate vicinity of the import pore by a
speciﬁc interaction with Tim44, a component of the inner membrane
TIM23 translocase complex [25,26]. Two other constituents of the
TIM23 complex, Pam18 and Pam16, both related to J-domain proteins,
regulate the import-speciﬁc activity of mtHsp70 and are indispensable
for a successful translocation into the matrix [27–30]. An additional
obligate partner protein in this process is the nucleotide exchange
factor Mge1 that allows a faster recycling of nucleotide-regulated
substrate afﬁnity states of mtHsp70 [31,32]. The close attachment of
the soluble chaperone with the membrane channel allows an effective
coordination of preprotein translocation and the Hsp70 reaction cycle
[33]. In addition, the channel interaction may allow to exert a pulling
action on preproteins in transit that is required to overcome conforma-
tional restrictions during the unfolding reaction [24,34]. Although a
passive trapping of the incoming preprotein chain on the matrix side
of the translocase by binding to mtHsp70 may be sufﬁcient for the
translocation of unfolded preprotein segments [35], full translocation
activity of the import motor also results in an active, ATP-driven
unfolding process during translocation [36], an observation that is
consistent with an active pulling model. The details of the molecular
mechanism that generates a pulling force on the polypeptide chain in
transit are still unresolved. Suggested models reach from a mechanical
process based on ATP-driven conformational changes in the mtHsp70
molecule [22] to an entropic pulling mechanism that is based on the
entropy differences between the segments of the polypeptide chaininside the channel and those that are exposed to the matrix compart-
ment and are bound by mtHsp70 [37].
Since preproteins cross the membrane in a completely unfolded
conformation, mtHsp70 is also the ﬁrst chaperone that initiates the
folding process of the imported polypeptide [38]. In this respect, the
role of the mitochondrial chaperone closely resembles the function
of cytosolic Hsp70s that are attached to the ribosomes, assisting the
folding of the nascent polypeptides emerging from the ribosome
exit tunnel [18]. During mitochondrial preprotein import, the interac-
tion with mtHsp70 is thought to stabilize the incoming polypeptide
chain and to prevent irregular associations of its still unfolded seg-
ments. A certain delay in the folding reaction by this interaction might
affect the folding pathway of certain substrate protein in order to
increase the yield of correctly folded molecules. During folding reac-
tions in the matrix, mtHsp70 cooperates closely with the other main
chaperone type in the matrix compartment, Hsp60 (see next section).
A distinction between the functions in protein translocation and in pro-
tein folding is mainly achieved by the type of J-family co-chaperone
that interacts with mtHsp70 during these processes [39]. The protein
Mdj1 (mitochondrial DnaJ homolog) is mainly involved in mtHsp70-
mediated folding reactions in the matrix compartment [40,41]. Since
J-proteins like Mdj1 exhibit polypeptide binding afﬁnity themselves,
this intrinsic chaperone activity is consistent with observed protective
effects on mitochondrial functions like genome maintenance [42].
MtHsp70 is not only important for folding reactions following preprotein
import but also assists mitochondrial protein expression directly. It has
been shown to be involved in the biosynthesis of the mitochondrially
encoded subunits of the respiratory chain and for their assembly to func-
tional enzyme complexes in the inner membrane [43].
It has to be noted that yeast mitochondria contain also two other
types of Hsp70 [12]: Ssq1, which is involved in the biosynthesis of
iron/sulfur (Fe/S) clusters, and the largely uncharacterized member
Ssc3 (encoded by the gene ECM10). Almost no information is available
about the latter since it is hardly expressed at all under normal growth
conditions. Ssq1, which was initially called also Ssc2 or Ssh1, was ﬁrst
identiﬁed based on its sequence similarity to the main mitochondrial
Hsp70, Ssc1. However, a deletion mutant (ssq1Δ) showed only a mild
phenotype and nodefect in protein import [44]. Further functional anal-
ysis of the ssq1Δmutant revealed defects in iron metabolism and in the
maturation of the yeast frataxin protein (Yfh1) [45]. These and other ex-
periments established an involvement of Ssq1 in themitochondrial syn-
thesis of Fe/S cluster cofactors [46]. Fe/S cluster are important cofactors
or prosthetic groups of manymitochondrial but also cytosolic enzymes
[47]. Aswith import and folding, also in the case of Ssq1 a speciﬁc cofac-
tor of the J-protein family is involved, named Jac1 [48,49]. Although
Ssq1 is about 50 times less abundant than Ssc1, it also competes for
the nucleotide exchange factorMge1 [50]. Despite the knowledge accu-
mulated on the mechanisms of Fe/S cluster biosynthesis in general, the
details of the Ssq1 involvement in this process are still not clear. In
particular, there is only one candidate for a direct Ssq1 interacting pro-
tein, Isu1,which provides the essential scaffold for the Fe/S biosynthesis
reaction [47]. In case of Isu1, even speciﬁc interaction sites with the
chaperone Ssq1 could be identiﬁed, where conserved amino acids were
required for an efﬁcient Fe/S cluster formation [51]. The specialized
Ssq1 cofactor Jac1 seems to target Isu1 to the chaperone and to stimulate
its ATPase activity together with Isu1 [52]. However, Ssq1 does not seem
to participate in the formation of the clusters per se but rather seems to
assist the transfer of the cofactor to other polypeptides [53].
2.2. Hsp60 chaperones
Hsp60 family members, often also termed chaperonins to distin-
guish them from other chaperone classes, belong to the ﬁrst type of
chaperone enzymes identiﬁed to play an important role in the biogen-
esis of organellar proteins. The most prominent member of the Hsp60
family is the GroEL protein of Escherichia coli [54]. Studies on this
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tional mechanism that differs signiﬁcantly from other chaperones.
Hsp60s form large tetradecameric protein complexes, consisting of
two stacked rings of 7 subunits each. Inside each ring a large cavity
with a lining of largely hydrophobic amino acid residues allows to inter-
act with and accommodate unfolded polypeptide chains up to a size of
about 50 kDa. A speciﬁc cofactor, termed hsp10, is able to cover the
opening of the ring by binding to the apical domains of the Hsp60 sub-
units. By a coordinated conformational change, induced by the hydroly-
sis of ATP, the inner lining of the complex cavity becomes more
hydrophilic, essentially forming a separate space where a substrate
polypeptide can fold without the interference of external protein con-
tacts. After opening of the ring by release of Hsp10 the bound substrate
dissociates ideally in a folded and active conformation [54].
Hsp60 in mitochondria was initially identiﬁed by its characteristic
structure that can be distinguished in the electron microscope [55]. At
the same time, genetic screens resulted in the identiﬁcation of condi-
tional Hsp60 mutants. These experiments showed that it is an essential
protein, indicating a unique and important role in the cellular metabo-
lism [56]. Further analysis demonstrated that Hsp60 is required for
the folding of mitochondrial preproteins, representing an essential
step of mitochondrial protein biogenesis [56,57]. Hsp60 was shown to
directly interact with newly imported model proteins in the matrix
compartment, resulting in a signiﬁcantly increased folding efﬁciency
[58]. Interestingly, it has been observed that mitochondrial Hsp60 can
also function as a single ring species [59]. It is important to note that ex-
perimentswith imported reporter proteins inmitochondria established a
certain order of chaperone-assisted protein folding [60], which ismore or
less conserved in all cellular systems. The initial interactionwith unfolded
polypeptides, existing in the form of nascent chains at the ribosome, dur-
ing transit immediately after crossing a biomembrane or after stress-
inducedunfolding, is alwaysperformedbyHsp70 chaperones. If required,
the interaction with Hsp60 follows in a second step of folding catalysis.
Despite its essential function, proteomic experiments aimed at identify-
ing Hsp60 substrate proteins in mitochondria indicated that an interac-
tion with this type of chaperone does not seem to be a prerequisite in
the folding pathways of all mitochondrial proteins. Some substrate
polypeptides can also fold in the absence of the Hsp10 co-chaperone
and many do not require the Hsp60/Hsp10 system at all [61,62].
3. Stabilization and refolding
Hsp70 chaperones are a typical example for the fact that an ability to
assist folding reactions under normal conditions is also very beneﬁcial
under stress conditions when damaged protein species accumulate,
for example caused by elevated temperatures or by exposure to toxic
substances. Damaged ormisfolded polypeptides have similar properties
as the unfolded or partially folded preproteins that emerge in thematrix
after membrane translocation. In general, Hsp70s provide stability to
misfolded substrate polypeptides by a speciﬁc interaction with their
exposed hydrophobic segments, ﬁrst preventing irregular interactions
that would lead to aggregation and second by a controlled release of
the bound polypeptide that allows a refolding to the active conforma-
tion. Hence, the expression of some Hsp70 family members is strongly
induced under these conditions, a behavior that initially led to their
identiﬁcation as heat shock proteins.
The mitochondrial Hsp70 system, in yeast consisting of Ssc1, Mdj1
and Mge1, was shown to stabilize heat-denatured model proteins in
vitro and also to assist their refolding to the active state [63]. Using an
artiﬁcial reporter protein, ﬁreﬂy luciferase, imported into intact mito-
chondria, a protective function in the prevention of aggregation could
be attributed to the activity of themtHsp70 system under in vivo condi-
tions [64]. As already mentioned above, also in this case a distinct role
of the Mdj1 co-chaperone has been observed, indicating a potential
Hsp70-independent function in PQC reactions. The aggregation-
protective effect of the mtHsp70 system also applies to endogenouspolypeptides under steady-state conditions and was most pronounced
under mild heat stress conditions, while at higher temperatures the
capacity of the mtHsp70 system seemed to become overwhelmed
[65]. Alternatively, the stability of mtHsp70 itself might be negatively
affected under severe heat stress (see Section 4), leading to the loss of
its protective activity at severe temperature stress conditions.
Apart from protein stabilization, the distinct binding afﬁnity of
Hsp70 chaperones to unfolded protein segments allows to participate
also in proteolytic reactions intended to removemisfolded proteins. It
was observed that the degradation of imported artiﬁcial reporter
proteins in the matrix was dependent on the mtHsp70 system [66]. In
this context, the primary role of mtHsp70 was to keep the reporter pro-
teins, which were unable to acquire a stable conformation, in a soluble
state until the proteolytic system could deal with them. Interestingly,
observations using the nematode model Caenorhabditis elegans
revealed that a knockdown of mtHsp70 leads to a premature aging
phenotype [67]. Hence, the protective role of mtHsp70 in mitochondrial
PQC has important general consequences for cellular function also in
multicellular organisms. The mammalian mitochondrial Hsp70, called
Mortalin or GRP75, has also been shown to play an important role in
diverse human diseases, ranging from tumorigenesis to cellular senes-
cence [13,68]. For example, a proteome screen of cells from Parkinson
patients revealed that the disease correlated with reduced levels of the
mtHsp70 chaperone [69]. However, the speciﬁc functions of Mortalin/
mtHsp70 in mitochondrial PQC of mammalian cells and in particular its
effects on the pathogenic mechanisms remain to be characterized.
Although the functional role of Hsp60wasmostly focused on folding
reactions immediately following the import reaction, a few studies indi-
cate also a direct role in general PQC reactions. It was observed that
newly imported proteins, which failed to fold in the absence of func-
tional Hsp60 tended to accumulate as aggregates [70]. Although this
could be expected since newly imported proteins reach the matrix in
an unfolded, aggregation-prone conformation, recent experiments
supported a prominent aggregation-preventive role of Hsp60 also for
endogenous proteins under heat stress conditions [65]. Based on
this observations it is likely that Hsp60 has a more central role in
maintaining endogenousmitochondrial proteins in an active conforma-
tion and preventing secondary damage by aggregate formation. This
conclusion is supported by studies addressing the expression behavior
of Hsp60 in mammalian mitochondria. Here an upregulation of its
expression was observed under ROS stress conditions [71]. Hsp60 was
also identiﬁed as one of the upregulated chaperones under conditions
where the folding environment in themitochondria was compromised,
indicating a putative mitochondrial unfolded protein response [72,73].
A few observations indeed indicate a pathological role of Hsp60 in cer-
tain neurological disorders. For example, mutations in Hsp60 have been
identiﬁed in patients with an autosomal dominant form of hereditary
spastic paraplegia [74]. On the other hand, more in line with its role in
PQC, it could also be shown in patient cells that Hsp60 interacts with
mutated mitochondrial enzymes that are prone to misfolding [75].
Interestingly, observations in human patients with Hsp60 deﬁciencies
revealed a downregulation of protease components, suggesting the
existence of a ﬁne-tuned compensatory network between the different
PQC components [74].
4. Disaggregation
In particular under extreme heat stress, the high number of
misfolded and denatured polypeptides can overwhelm the capacity of
the refolding/repair system. If high amounts of such damaged polypep-
tides cannot be removed by proteolytic systems (see following
Section 5), the non-functional polypeptides may form insoluble aggre-
gates, causing further stress for the cellular protein homeostasis sys-
tems. Many cells therefore contain a specialized type of molecular
chaperone, ClpB, named after the main representative of this family in
bacteria [76]. ClpB belongs to the Hsp100/Clp protein family that differs
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Hsp100/Clp proteins are members of the AAA+ protein group, indicat-
ing the presence of an intrinsic ATPase activity and an ability to form
large homo-oligomeric, ring-shaped protein complexes. The large
family of Hsp100/Clp proteins can be divided into two classes, the ﬁrst
containing two ATP-hydrolyzing AAA modules, the second class only
one. ClpB chaperones belong to the ﬁrst class and contain an additional
middle (M) domain that is inserted at the endof theﬁrst AAAdomain as
a characteristic structural feature. The M-domain is critical for the full
function of the chaperones and mediates the functional interaction
with the respective cellular Hsp70 system, another key feature of the
ClpB chaperone family [77]. Apart from bacteria, ClpB chaperones
have been identiﬁed in mitochondria from fungi and plants but are
lacking in metazoan organisms. Concerning their cellular function,
ClpB proteins are mainly responsible for the so-called acquired
thermotolerance, a phenomenonwhere a lethal heat shock can be over-
come by a previous incubation at elevated but sub-lethal temperatures.
Based on this observation it has been demonstrated that practically all
members of this family show a pronounced heat-induced expression
pattern. In general, their functional roles in a cell focus on the preven-
tion, or more precise, the repair of protein aggregation, resulting in
the observed tolerance to certain heat stress conditions. Biochemical
experiments directly showed that ClpB has a unique biochemical activ-
ity, being able to resolubilize aggregated polypeptides and to restore
their enzymatic activity, a reaction also requiring a close cooperation
with Hsp70 chaperones [78,79]. Although forming a coordinated bi-
chaperone system in these disaggregation reactions, the two chaper-
ones Hsp70 and ClpB follow a completely different biochemical mecha-
nism. Recent experiments demonstrated that the resolubilization of
aggregated polypeptides by ClpB is based on a threading mechanism,
where the substrate protein is pulled through the pore of the hexameric
protein complex [80,81].
The best studied of the mitochondrial ClpB homologs is the yeast
protein Hsp78 [82]. Hsp78 exhibits the typical domain composition of
this chaperone family [83], but lacks the N-terminal domain found
in other family members, explaining its smaller size. Although the
N-terminal domain of bacterial and cytosolic ClpBs was implicated
in substrate recognition and interaction, it seems to be dispensable for
the basic enzymatic activity. In analogy to the bacterial ClpB protein, it
can be assumed that the active Hsp78 chaperone complex consists of
a homo-hexameric ring structure. In vitro experiments demonstrated
an ATP-dependent formation of the hexameric complex [84]. However,
the hexameric complex could not be detected under in vivo conditions
in isolated mitochondria, indicating a higher structural variability com-
pared to other members of the family [83]. It could be possible that the
hexameric complex is formed only under stress conditions or in the
presence of substrate proteins, i.e. only under circumstances that actu-
ally require enzymatic activity. It should be noted that even for bacterial
ClpB the hexameric complexwas shown primarily under in vitro condi-
tions requiring high protein concentrations and the presence of ATP
[79]. Unexpectedly, yeast hsp78Δ deletion cells did not exhibit growth
defects under normal conditions or at elevated temperatures [82]. A
proteomic characterization of aggregation propensity of mitochondrial
proteins also showed that the amount of aggregated polypeptides was
not affected signiﬁcantly by the absence of the chaperone [65]. These
observations corroborated that Hsp78 does not perform a protective
function against aggregation per se. Despite this lack of a pronounced
phenotype, it could be shown that Hsp78 clearly belongs to the group
of heat induced mitochondrial polypeptides. Indeed, a closer examina-
tion of mitochondrial functions demonstrated defects of mitochondrial
protein biosynthesis and genomemaintenance in hsp78Δ cells after se-
vere heat stress, establishing a function of Hsp78 in organelle-speciﬁc
thermotolerance [85,86]. These experiments established that Hsp78,
rather than protecting against aggregation during heat stress, is
required for repair ofmitochondrial functions after the stress conditions
have ended. This conclusion has been reﬂected by the inability of hsp78Δ cells to restore the typical in vivomorphology of mitochondria after a
heat shock treatment [87]. The disaggregation activity was ﬁrst shown
for Hsp78 in vitro using luciferase as reporter protein [88]. In intact mi-
tochondria, it had been observed that conditional mutant forms of
mtHsp70 exhibited a signiﬁcantly lower solubility if Hsp78 was absent
[89]. Indeed, it was shown that Hsp78 is required for the recovery of
mutant mtHsp70 as well as other destabilized reporter proteins from
aggregate pellets [90], corroborating its disaggregation activity also
under in vivo conditions.
A speciﬁc reason for the lack of ClpB-type chaperones in higher
multicellular organisms of the animal branch of organisms is still not
known. It could be speculated that these organisms may not require
this chaperone class as their cells are either able to regulate their
temperature by physiological means and/or can at least avoid severe
temperature stress by active movement. In addition, it has to be taken
into account that other chaperone types, in particular Hsp70s, may
take over most of the heat-protective functions in these organisms.
Supporting this conclusion, it has been shown using bacterial systems
that Hsp70 chaperones also exhibit some disaggregation activity on
their own [91]. It was suggested that the binding of Hsp70 molecules
to the aggregated polypeptides essentially increases the entropy of
the system, thereby favoring the solubilized state of the respective mol-
ecules [37]. Indeed, a disaggregation activity could recently been shown
under in vitro conditions for the human homologs of the mitochondrial
Hsp70 system, mortalin and Tid1 [92]. It therefore seems likely that the
absence of the ClpB chaperone in higher eukaryotes is compensated by
the functions of the Hsp70 chaperone system.
Surprisingly, the characterization of the behavior of imported
preproteins in hsp78Δ deletion mitochondria revealed a signiﬁcantly
reduced degradation rate. The observed reduction in proteolysis efﬁ-
ciency was independent of the aggregation state of the respective
reporter proteins [93], demonstrating a novel role for Hsp78 that is
distinct from its bacterial or cytosolic relatives. This, together with the
observation that a destabilized form of the endogenous mitochondrial
enzyme Ilv5 required Hsp78 for degradation [94], established Hsp78
as a genuine component of themitochondrial proteolysis system. How-
ever, the physiological signiﬁcance of a functional cooperation of Hsp78
and proteolytic systems inmitochondria has not been established so far.5. Proteolytic removal
Proteases provide literally the backbone for cellular protein homeo-
stasis systems since terminally damaged polypeptides that fail to refold
can only be rendered safe by proteolysis. A selective proteolysis of
damaged polypeptides is rooted in the common structural composition
of PQC-related proteases [10]. They form large ring-shaped protein
complexes, consisting of stacked rings of 6–7 subunits with the active
sites sequestered in the interior of the protein complex. Proteolysis is
only possible when substrate polypeptide chains are fed into the pro-
teolytic chamber, in most cases in an ATP-dependent reaction. Due to
these properties, these proteolytic enzymes are also termed chambered
proteases. Since the opening of the stacked ring structure is relatively
small, substrate proteins can only be translocated into the proteolytic
chamber in an unfolded state. The unfolding reaction, which is usually
concomitant with the translocation process, requires a second enzy-
matic activity, which has chaperone-like properties. This chaperone
activity can be residing on the same polypeptide chain or supplied by
a separate protein. In most cases, the chaperone component also
provides the mechanism for selection of substrate proteins, which is
based on the typical binding afﬁnity of chaperones for misfolded poly-
peptides. This close cooperation with chaperones renders proteases as
intrinsic and indispensible members of cellular chaperone networks.
There are three classes of organellar proteases belonging to the cham-
bered protease type: the soluble proteases of the Lon- and ClpP-
families, and the membrane-integrated proteases of the FtsH-type. A
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PQC reactions but follows a different mode of action.
5.1. The protease LON
One of the best known bacterial proteolytic enzymes is the protease
Lon, initially also called La [95]. Homologs of the Lon protease are found
in the mitochondria of virtually all eukaryotes. Lon family members
belong to the AAA+ protein family and, as already mentioned above,
form homo-oligomeric ring-shaped protein complexes. In general, Lon
proteases can be separated in three domains, the catalytic protease
domain, the ATP-binding domain and an N-terminal domain involved
in substrate binding [96]. As the latter two domains exhibit
chaperone-like properties, Lon is a representative of PQC proteases
that combine proteolytic and chaperone activities on a single polypep-
tide chain. Lon proteases have a typical serine-lysine dyad at the active
center [97]. In bacteria it has been established early on, that Lon is one of
the major soluble proteolytic enzymes that is responsible for the
removal of damaged proteins [95]. Similar proteolytic activities have
been known to exist in mitochondria since a long time [98]. The gene
for the mitochondrial Lon homolog has been identiﬁed in yeast due to
its sequence similarity to the bacterial homolog and termed mitochon-
drial LON or Pim1 (proteolysis in mitochondria) [99,100]. A deletion of
the PIM1 gene in yeast cells resulted in a respiratory deﬁcient pheno-
type but did not lead to major growth defects on fermentable carbon
sources. Hence, the consequences of a deletion were not as severe as
those of the chaperones Hsp70 or Hsp60. In human cells, down-
regulation of the LON protease resulted in pronounced alterations of
the mitochondrial morphology and even enhanced apoptosis, typical
signs of a general functional defect of the affected mitochondria [101].
As information on endogenous substrate proteins was limited at that
time, a study using imported artiﬁcial reporter proteins demonstrated
that they were degraded in a Pim1-dependent fashion in a close collab-
oration with the mtHsp70 system [66]. These experiments established
Pim1/LON as the major PQC protease for soluble proteins in the matrix
compartment. Indeed, endogenous mitochondrial substrate proteins
are degraded by Pim1 or the human enzyme LON, respectively, due to
obvious conformational damage, either in the presence of destabilizing
mutations [94] or oxidative modiﬁcations [102]. A detailed proteomic
substrate screens revealed a preference of Pim1 for conformationally
labile polypeptides, in many cases characterized by the presence of a
coenzyme or prosthetic group [103]. In particular oxidation-sensitive
enzymes, for example containing Fe/S cluster cofactors, become prote-
olysis substrates in the presence of elevated ROS concentrations
[104,105]. Since ROS effects on proteins typically comprise covalent
modiﬁcations of amino acid residues, the resulting conformational
alterations usually cannot be repaired. Hence, proteolytic removal is
the only option to prevent further cellular damages. A prominent role
of Pim1/LON in preventing mitochondrial protein aggregation was
shown by the comparison of the protein aggregation behavior in pim1
Δ versus Pim1 overexpression mitochondria [65]. Here, a direct protec-
tive effect of Pim1 could be demonstrated for several endogenous
aggregation-prone substrate proteins. Although the total amount of
Pim1 in mitochondria is far less than the amount of typical chaperones
like mtHsp70 or Hsp60, the relative contribution of Pim1 to the preven-
tion of aggregation was far greater, in particular under more stringent
stress conditions [65].
Since mitochondria do not exhibit a covalent tagging system for
damaged proteins like the ubiquitin tag in the cytosol, the substrate
selectivity of Pim1/LON has to rely on a different mechanism. For the
initiation of a proteolytic reaction, Pim1 requires the presence of a
50–60 amino acid long unstructured segment in the substrate protein
[106]. This recognition segment could be located at the ends of the
substrate polypeptide strand or represented as internal loop segments
[107], as long as they were exposed at the molecular surface. A manip-
ulation of the substrate folding state revealed that Pim1, despite itsATPase activity, has only a very low or even absent intrinsic unfolding
capacity [106]. In this respect, Pim1 is similar to the bacterial FtsH
protease [108], while most other PQC proteases are able to degrade
even stably folded substrate proteins. The requirement for a rather
long unstructured initiation segment together with the lacking active
unfolding activity restricts the proteolytic activity of Pim1 to strongly
destabilized polypeptides, representing terminally damaged substrate
proteins.
Interestingly, growth defects due to the inactivation of other mito-
chondrial membrane AAA proteases (see Section 5.3) could be partially
rescued by the overexpression of a proteolytically inactive Pim1
mutant. This indicated that Pim1 has cellular functions independent of
the protease domain [109]. However, for a full function of Pim1 in
supporting respiration-dependent growth, a close cooperation of both
domains was required. Mutants abolishing ATP-hydrolysis also
inactivated the protease activity and vice versa [110]. Interestingly,
these experiments revealed that as long as both domains are present
in themitochondria, they donot need to reside on the samepolypeptide
chain, indicating an intermolecular mode of regulation. It was shown
that Pim1 is also indirectly involved in mitochondrial protein transla-
tion since it is necessary for the biogenesis of intron-encoded RNA
maturases that are required for the generation of a functional mRNA of
certain mitochondrially encoded genes [111]. Interestingly, Pim1 was
identiﬁed as a DNA-binding protein [112]. It has a role in maintenance
of the mitochondrial DNA, which is regulated by the presence of nucleo-
tides and, more signiﬁcantly, by the presence of other substrate proteins
[113]. In case the amount of Pim1 is reduced in themitochondrial nucle-
oid, oxidative DNA damage is more likely, indicating a possible correla-
tion between PQC and DNA damage control [114].
5.2. The protease ClpP
Organelles typically contain a second soluble protease system that
belongs to the Clp protein family (caseinolytic protease). The Clp prote-
ase is a large oligomeric protein complex where the active sites are
shielded from the environment in the interior of the enzyme, similar
to most other PQC-related proteases [11]. In contrast to the LON prote-
ase, the active Clp protease consists of two different polypeptides. The
ClpP protein forms the proteolytic core that consists of two stacked
rings with 7 subunits each. The active holo-protease is formed after
interaction of the core complex with a hexameric ring of chaperone
subunits. Typically, several alternative chaperone partners exist in bac-
teria, ClpX, ClpA or ClpC. The chaperone components fulﬁll essentially
three functions: i) an initial recognition of the substrate polypeptides,
ii) an ATP-dependent unfolding of the substrate and, closely coordinat-
ed, iii) the translocation of the substrate polypeptide into the proteolyt-
ic chamber of the ClpP complex. In addition, several adaptor proteins
have been identiﬁed in bacteria that regulate substrate interaction
and/or speciﬁcity [115]. The ClpXP complex of bacteria is a major PQC
protease that degrades proteins under stress conditions that contain
certain degradation signals (degrons) [116]. In addition it is involved
in the degradation of unﬁnished translation products that carry the
so-called SsrA-tag [117].
Mitochondria contain a homolog of the bacterial ClpXP protease
system. However, up to now there is not much information available
for this mitochondrial protease. The analysis of mitochondrial ClpP
(mtClpP) function in eukaryotic mitochondria has been hampered
by the lack of an ortholog protein in the standard model organism
S. cerevisiae. Surprisingly, yeast mitochondria still contain a homolog
of the typical ClpX chaperone partner protein of the protease, termed
Mcx1 (mitochondrial ClpX homolog). However, since a deletion of
Mcx1 in yeast did not show an obvious phenotype [118], information
on the functional role of this chaperone in the absence of its protease
component is again limited. In contrast, a complete ClpXP system has
been identiﬁed in human mitochondria [119], and also its structural
properties have been extensively analyzed in vitro [120,121]. In
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showed similar activities, although, at least using different model
proteins, the substrate speciﬁcity, largely governed by the respective
ClpX subunits,was different [122]. Based on the homology to bacteria, it
can be assumed thatmtClpXP performs some kind of PQC functions also
in mammalian mitochondria under in vivo conditions although direct
evidence is lacking so far. However, as mitochondria do not exhibit a
tagging system similar to SsrA and since there are no comprehensive
studies analyzing the substrate spectrum of mitochondrial ClpP
(mtClpP), its substrate selection mechanisms remain uncharacterized.
The expression of large amount of a mutated and folding-
incompetent protein in human mitochondria leads to an increase in
the protein levels of ClpP and also other mitochondrial chaperones, in-
dicating the existence of an unfolded protein response (UPR) speciﬁc to
mitochondria [72]. This behavior is reminiscent of the well-established
UPR reaction identiﬁed in the endoplasmic reticulum (ER) [123], where
the expression of nuclear genes, in particular of chaperones and their
cofactors is induced when unfolded proteins accumulate in the ER
lumen. Interestingly, a genetic screen in C. elegans, based on an artiﬁcial
perturbation of the mitochondrial folding capacity, revealed that the
adaptive response in nuclear gene expression was dependent on the
presence of functional mitochondrial ClpP [124]. Recent experiments
in C. elegans are consistent with a model where ClpP-generated
peptides that are exported from the organelle may serve as signals to
activate transcription factors responsible for the induction of mitochon-
drial proteins in the nucleus [125]. However, the details of this signaling
pathway remain to be established.
5.3. FtsH/membrane AAA proteases
Organellar proteases like LON or ClpP are soluble enzymes and have
strong functional similarities to the proteasome in the cytosol. In addi-
tion, mitochondria contain separate proteolytic enzymes dedicated for
proteolysis of membrane-integrated substrate proteins. These enzymes
belong to the FtsH (filament-forming temperature-sensitive) protease
family, again named after the bacterial founding member. Members of
this family have a zinc metallo-protease domain, a regulatory domain
belonging to the AAA family, and a transmembrane domain. This allows
their integration into the inner mitochondrial membrane.
Quite extensive information is available on the function andmecha-
nisms of mitochondrial AAA membrane proteases [126], but the main
focus here will be put on PQC aspects. In mitochondria, two members
with different membrane topologies have been identiﬁed [127,128].
The m-AAA protease, in yeast a hexameric hetero-oligomeric complex
composed of the proteins Yta10 (Afg3) and Yta12 (Rca1) is facing the
matrix compartment, while the homo-oligomeric complex of Yme1
proteins, forming the i-AAA protease, faces the intermembrane space
[129]. At least in yeast, the i-AAA protease seems to represent the only
protease activity that is exposed to the intermembrane space (IMS),
although its relevance for the degradation of soluble IMS proteins has
not been conclusively demonstrated so far. It needs to be mentioned
that higher eukaryotes contain an additional proteolytic enzyme in
the IMS, HtrA2 (see Section 6.2). Again, its signiﬁcance for proteolytic
processes still needs to be shown. The membrane AAA proteases fulﬁll
several important functional roles in mitochondria. First of all there is
a role in membrane protein quality control [130,131]. In particular the
m-AAA protease is involved in the degradation of non-assembled IM
proteins. Due to themixed genetic origins of the subunits of respiratory
complexes, their biogenesis and assembly mechanisms are quite com-
plicated, increasing the chances for an accumulation of non-assembled
subunits in the membrane. A second functional role is the direct in-
volvement of both types of membrane AAA proteases in the assembly
of respiratory chain enzyme complexes [130,132]. This function is
attributed to their intrinsic chaperone activity that is contained in the
same polypeptide chain as the proteolytic activity. A third role has
been identiﬁed in import and maturation processes of certainmitochondrial proteins [133,134]. Mutants of m-AAA protease subunits
have been identiﬁed in human patients suffering from spastic paraple-
gia, a neurodegenerative disease affecting motor neurons, supporting
the important role of this protease for overall functional activity of
mitochondria [135].
6. Special (unknown) functions
6.1. The Hsp90-type chaperone Trap1
The mitochondrial member of the Hsp90 chaperone family was
ﬁrst identiﬁed by two independent yeast-two-hybrid screens and
named Trap1 (tumor necrosis factor receptor-associated protein 1),
based on the bait protein used in the screen [136], or Hsp75, which
was found due to an interaction with the retinoblastoma (Rb) protein
[137]. Unfortunately, these interactions are probably non-speciﬁc
(or at least of unclear signiﬁcance) and Trap1/Hsp75 was only later
described as a single protein localized in the mitochondrial matrix
of mammalian cells [138,139], although a minor degree of non-
mitochondrial localization cannot be completely excluded. Trap1 ex-
hibits a signiﬁcant sequence similarity to other Hsp90 family members
(about 45% amino acid similarity with cytosolic Hsp90s) and is most
similar to the bacterial-type Hsp90, HptG [140]. Trap1 is able to interact
with ATP and is also inhibited by the typical inhibitors geldanamycin
and radicicol, molecular features that clearly associate Trap1 with the
Hsp90 protein family. A detailed in vitro characterization corroborated
typical enzymatic activities for Trap1 that were very similar to other
members of the Hsp90 protein class [141]. However, on a cellular
basis, Trap1 exhibits different functional features from other Hsp90-
type chaperones and was not able to functionally replace other Hsp90
homologs when expressed in the cytosol [138]. In part due to the
absence of a Trap1 homolog in yeast mitochondria, the speciﬁc func-
tional role of this chaperone is still largely unknown. The few published
observations indicate a stress-protective function of Trap1 againstmito-
chondrial ROS production and/or ROS-related apoptosis [142–145].
Although these studies hint at a general protective role of Trap1 under
diverse stress situation, details of its biochemical functions or mecha-
nism remain elusive. Recently, a cytoprotective chaperone network
consisting of Trap1, cytosolic Hsp90 and Hsp60 was identiﬁed. The
combined activity of this complex was postulated to inﬂuence the
proapoptotic activity of the immunophilin cyclophilin D by regulating
the mitochondrial permeability pore [146]. This role of Trap1 has been
supported by the anti-apoptotic effect of novel, mitochondrially
targeted Hsp90 inhibitors. Another cell-protective role, independent
of its involvement in apoptosis, was suggested by the ﬁnding that
Trap1 is phosphorylated by the Parkinson-related mitochondrial pro-
tein kinase Pink1 [147], a putative regulator of mitochondrial quality
control by autophagy [148]. Again, this ﬁnding has to be regarded
with caution, because more recent experiments localize Pink1 to the
outer face of the mitochondrial outer membrane, a localization which
would exclude a direct molecular interaction with the matrix protein
Trap1 [149]. Taken together, although the direct assignment of a bio-
chemical function is still unclear, Trap1 is an important candidate for a
new member of the mitochondrial chaperone network in mammalian
cells.
6.2. The protease HtrA/DegP
Organelles of animals and plants contain still another type of prote-
ase involved in PQC reactions, the HtrA (high temperature requirement
A), also called Deg proteins in bacteria and plants [150]. Again, nomito-
chondrial member of this group has been identiﬁed in yeast. HtrA pro-
teins consist of a serine protease domain and a PDZ domain that is
involved in substrate binding, regulation and maintaining the enzyme
structure. In bacteria, HtrA family proteins, in particular DegP, mediate
protein quality control reactions in the periplasmic space by removing
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of HtrA proteins is their ability to switch between proteolytic and chap-
erone activities depending on the environmental temperature. Under
normal conditions, the protein complex is proteolytically inactive and
the general chaperone function prevails. Under heat stress, the chaper-
one converts to a protease, dealing with accumulated misfolded
substrate polypeptides [152].
Mammalian mitochondria contain one member of the family,
HtrA2/OMI, localized in the intermembrane space, the equivalent of
the bacterial periplasmic space [153]. Despite its similarity to bacterial
family members, a clear role in PQC could not be attributed to HtrA2
so far. However, some observations exist that may give some hints for
a potential role in this process. HtrA2 is strongly induced under stress
conditions [154]. More importantly, HtrA2 has been implicated in
neurodegenerative diseases like Parkinson and Alzheimer that involve
defects of mitochondrial activities [153]. Mice with a protease-
defective HtrA2 develop a Parkinson-like phenotype [155]. It was also
observed that HtrA2 functionally interacts with the mitochondrial
protein kinase Pink1 that is a known susceptibility factor for Parkinson's
disease [156]. A further analysis of both Trap1 and HtrA2 functions
is needed to establish their relationship to the mitochondrial
chaperone–protease network.
7. Outlook
Research of the last decade has seen extensive progress in the char-
acterization of organellar protein homeostasis processes. Most major
enzymatic components, comprising several types of chaperones and
proteases have been identiﬁed, corroborating the close relationship of
organellar and bacterial systems. The biochemical characterization of
the mitochondrial components is also yielding more and more detailed
structural and mechanistic information, although the respective bacte-
rial components still remain much better characterized. However, the
crucial question in respect to mitochondrial protein homeostasis is
how the system is integrated into the overall cellular metabolism. This
becomes apparent due to the close interdependence of cellular and
organellar protein homeostasis for the survival of the cell, in particular
when external or internal factors challenge the system. One major
open question is how mitochondrial chaperones and proteases distin-
guish between damaged and functional proteins, especially in the
light of the obviously missing covalent tagging systems. Future experi-
ments therefore need to gain more information on the range of endog-
enous substrates to establish the substrate selection mechanisms and
identify misfolding-prone protein species. The main future challenge
will be to determine the impact of mitochondrial protein homeostasis
reactions on various pathological processes. Based on the observations
that defects of mitochondrial functions in human cells have been
shown to be major contributors to aging and aging-related diseases, in
particular neurodegenerative diseases, it can be expected that the activ-
ities of chaperones and proteases will inﬂuence the etiology and the
progress of these diseases. Consequently, a further characterization of
the mitochondrial chaperone network will reveal valuable insights
into the crucial aspects of these important human pathologies.
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